Water confined between two layers with separation of a few Angstrom forms layered twodimensional ice structure. Using large scale molecular dynamics simulations with the adoptable ReaxFF interatomic potential we found that flat monolayer ice with a rhombic-square structure nucleates between graphene layers which is non-polar and non-ferroelectric. Two layers of water are found to crystallize into a square lattice close to the experimental found AA-stacking [G. AlgaraSiller et al. Nature 519, 443445 (2015)]. Each layer has a net dipole moment which are in opposite direction. Bilayer ice is also non-polar and non-ferroelectric. For three layer ice we found that each layer has a crystal structure similar to monolayer ice.
Introduction. The phase diagram of water and its extraordinary properties have been an interesting topic of research in biology, chemistry, and physics for many decades. Depending on the hydrophobic confinement width several two-dimensional ice structures can be formed [1] [2] [3] [4] . Different theoretical methods, e.g. molecular dynamics (MD) simulations using different force fields 1,4 , density functional theory 5 , and Monte Carlo simulations 6 , have been used to study ice formation in the presence of high pressure. In particular, monolayer ice was proposed by Zangi and Mark 1,2 using MD simulations by applying a five site and tetrahedrally coordinated model, i.e. TIP5P. They confined water between two parallel plates and applied a high lateral pressure (P l ) of about 1 GPa and found a non-flat monolayer of ice.
Recently, it was found experimentally that confined water exists as a quasi two-dimensional layer with different properties than those of bulk water 7, 8 . Graphene, the two-dimensional allotrope of carbon 9 , was used in a recent experiment to confine water 8 into monolayer, bilayer and three layers. Using transmission electron microscopy(TEM) square lattice structures was observed. The lateral pressure for confining water between two sheets of graphene can be estimated 8, 10, 11 to be about 1 GPa using the van der Waals (vdW) adhesive energy between two layers which is typically around 20 meVÅ −2 . This experiment was supported by MD simulations that showed that by increasing the pressure, bilayer square ice (three layer ice) with a lattice constant of 2.82Å nucleates where the graphene layers are separated by a distance h=9Å (11.5Å) 8 . However, the MD simulations failed to reproduce the experimental found AA-stacking of bilayer ice. Ab-initio calculations found that monolayer ice confined between hydrophobic graphene layers can be rippled or flat, depending on the confinement width and lateral pressure 5 . However, this DFT study is based on a small supercell which therefore missed structures that * Corresponding author: neekamal@srttu.edu involve more than 4 water molecules.
Using the reactive bond order potential we reveal new physics of confined ice between two graphene layers. We performed annealing MD simulations starting from high temperature, i.e. 400 K and found the low temperature minimum energy configuration, and determined the structure of monolayer, bilayer and three layer ice. We evaluate the different energy terms, charge distribution, and hydrogen bond strength of confined water. The ReaxFF potential takes into account the polarization of charge within the molecules, it makes our study very different from all previous investigations. The studied systems are found to be all flat, non-polar and nonferroelectric where the microscopic structure depends on the number of ice layers. We found for the first time a flat structure for confined ice and estimated the vdW energy between two ice layers.
Method and Model. We employed molecular dynamics (MD) simulations using reactive force fields (ReaxFF 12 ) potentials in the well-known largescale atomic/molecular massively parallel simulator "LAMMPS"
13 . ReaxFF potential accounts for possible bond-formation and bond-dissociation of different bond orders. It also contains Coulomb and van der Waals potentials to describe non-bond interactions between all atoms. One of the main advantages of ReaxFF is that it calculates the polarization of charge within the molecules which is achieved by using electronegativity and hardness parameters based on the electronegativity equalization method and charge equilibration (QEq) methods. Therefore, we believe that ReaxFF is a better candidate to simulate water and the corresponding interaction between water and graphene. Furthermore, the ReaxFF potential allows bond extension/contraction in water as well as angle bending and it allows charge relaxation over each atom. This is in contrast to the traditional force fields for water, e.g. SPC and TIP4P
14 (a rigid planar four-site interaction potential for water) that keep the water molecules rigid during MD simulations.
The computational unit cell contains 34848 carbon atoms and 17100 ×n water molecules in the system where n is the number of ice layers. Before performing minimization we do an annealing MD simulation by performing a NPT simulation starting at 400 K and ending at 0 K, in order to find the true simulation box size and O-O distances. The starting high temperature guarantees that the O atoms and H-bonds can find their minimum energy configurations during the very slow annealing process. Then, the total energy is minimized using the iterative conjugate gradient (CG) scheme.
Monolayer of ice. We start from a random distribution for the H-bonds of the water molecules which are distributed in a dense square structure, with O-O distance equal to 2.8Å, between two graphene layers. The initial O-O distance is set only to have the experimental observed density for confined ice but during annealing which we start from 400 K, the positions are allowed to change. The graphene layers are rigid and separated by a fixed distance of 6.5Å having AB-stacking. The results for the water layer are independent of the exact stacking configuration of the graphene layers. By minimizing the potential energy, we found a flat rhombic-square lattice structure, see Fig. 1 . The side view of the minimum energy configuration is shown in Fig. 1 (a) which is a flat monolayer of ice with successive arrangements of square and rhombic building blocks, see Fig. 1(b) . If the O atoms remains in the same plane, the H atoms should also be in that plane in order to preserve the symmetry. The other possibility would be a buckled (puckered) structure which results in non-flat ice 1 (which was not found with our simulations) 15 . Our results are partially in agreement with ab-initio results where Corsetti et al 5 used non-local vdW exchange correlations and scanned both the confinement size and lateral pressure. However their unit cell (called Ab/Cd) was too small, i.e. it contained only 4 water molecules, in order to find the aforementioned asymmetry effect. Our found structure for monolayer ice is in agreement with the MD simulation results using the SPC/E model 8 . In fact the TEM results of the recent experiment 8 is not a perfect square lattice layer 16 .
The crystalline structure and lattice constant of monolayer ice can be determined from the radial distribution function (RDF), see Fig. 1(c) . We found the O-O distance in flat ice to be a=2.84±0.01Å. The obtained lattice constant is in good agreement with the experimental value of a=2.81±0.02Å. The angle 'H-O-H' is found to be θ=106.31±0.03 o and is identical for all "H-O-H' bonds. The H-bonding energy is about -0.16 eV/water (-15.43 kJmol −1 ) for each water molecule which is in the range of the H-bond energy of bulk ice 17 , i.e. -(13-32) kJmol −1 . It is worth to mentioning that the vdW energy stored in the system is E vdW = 2.43 eV/atom which is positive and the Coulomb energy is E coulomb =-0.56 eV/atom which is negative. These numbers show that in dense ice the O atoms repel each other strongly (note that a = r OO ≈ 2.8Å lies in the repulsion region of the vdW energy function 18 ). In Table I , we list all relevant quantities for the different studied systems.
The corresponding local dipoles of the water molecules in the minimum energy configuration is shown by the ar-rows in Fig. 1(d) . Interestingly, the net dipole is zero and the system is non-ferroelectric which is in agreement with ab-initio results 5 and is in disagreement with the TIP5P model prediction 19 . We were able to deform the H-bonding orientations using an in-plane electric field of about 1 V/Å (see Fig. 2 ). As shown in Fig. 2 , by increasing the electric field (along the direction of the shown arrow in the inset of Fig. 2 ) from zero to around |E| ≃ 1 V/Å we find a structural transition from the minimum energy configuration with zero dipole moment to a new higher energy configuration with a net non-zero dipole moment, i.e. the local dipoles of the water molecules rotate in the direction of the electric field (see right inset of Fig. 2 ). For non-polar flat monolayer ice there are many possible structures. We made a detailed investigation of them and present the results of one of the most relevant ones. We performed additional MD annealing and minimization by starting from an initial configuration where the arranged H-bonds are in three dimensions and two Hbonds of each water molecule have the same orientation as the equivalent bonds in all the others. We found that the minimum energy configuration is a flat and polar structure which is shown in Fig. 3 . The potential energy of this structure is 10 meV/atom higher than the non-polar structure (Fig. 1) . The vdW, Coulomb, and H-bond energy for the polar monolayer shown in Fig. 3 are found to be E coulomb = -0.55 eV/atom, E vdW = 2.48 eV/atom and E HB = -0.14 eV/water respectively. The O-O distance is a=2.88±0.02Å and the H-O-H angle equals θ=106.6±+0.1 o . We also performed simulations for the other possible polar structures proposed by Corsetti et al. 5 and found that all of them have higher energy than the one shown in Fig. 1 .
Bilayer square ice. Motivated by the experimental work of Algara-Siller et al 8 a bilayer of ice confined between two rigid graphene layers separated by h=9Å. The minimum energy structure is shown in Figs. 4(a,c) . Surprisingly, also in this case the layers are flat (see Fig. 4(a) ) and each has a perfect square lattice for the O atoms (see Fig. 4(c) ). Using the radial distribution function for each layer we found the lattice constant to be a=2.84±0.01Å. The radial distribution function for each ice layer is presented in Fig. 4(b) . Each layer has a net dipole that is in the opposite direction with respect to the other layer. The latter makes the bilayer of ice non-polar and nonferroelectric. The interlayer distance between the ice layers is found to be c=3.24±0.01Å which is in disagreement with the SPC/E model which obtained a ∼ = c 8 . Our finding for 'c' is in the range of vdW adhesion between two ordinary neutral layers, e.g. the two graphene layers. The H-bonding, vdW, and the Coulomb energy are -0.13 eV/water, 2.07 eV/atom, and -0.86 eV/atom, respectively. It is interesting to note that the vdW energy here is lower than that of a single layer of ice which is due to the extra adhesion between the two ice layers. Therefore we can estimate the vdW energy stored between the ice layers as -0.41 eV/atom. This energetic analysis, gives important new insights about the physics of confined water between graphene layers.
The stacking of the two ice layers is not (perfectly) AA stacking, i.e. the bottom layer has an in-plane shift of about 1.2Å (shown by the arrow in Fig. 4(c) ) with respect to the top layer. The displacement of the O atoms with respect to each other is due to the fact that the Oatoms are negatively charged and thus repel each other. Please note that the SPC/E model 8 predicts AB stacking for bilayer ice confined between two graphene layers. However, the TEM images in the recent experiment 8 , which are shown by green circles in the bottom right part of Fig. 4(c) , can be considered as the averaged positions of oxygen atoms in the top layer (red dots) and bottom layer (blue dots) of our results. We believe that the blue and red circles in reality vibrate along the black arrow shown in Fig. 4(c) resulting in a time averaged AAstacking in square ice. In order to investigate the importance of the interaction between ice and graphene and to present an independent test, we performed an additional MD minimization. We minimized the potential energy of monolayer ice with randomly distributed H-bonds (even out-of-plane) over a single layer of graphene at an initial distance of 3.0Å. The minimum energy configuration of ice is similar to Fig. 1 with the distance between graphene and ice of 2.90Å. This shows that the interaction between graphene and an ice layer is stronger than the interaction between two ice layers, which are separated by 3.24Å and the interaction between two graphene layers even if they are at a distance of 9Å.
Thrilayer ice. Finally, we turn our attention to the stacking and microscopic structure of confined three layer ice. By fixing two graphene layers at a distance h=11Å and performing annealing MD simulations, we found that each layer of the three layer ice being nonpolar with microscopic structure similar to that of monolayer ice (see Fig. 1(b) ). The ice-graphene distance is found to be d = 2.70Å±0.01 and the distance between each of the ice layers is c = 3.05Å±0.01. The vdW, Coulomb, and H-bonding energy are E coulomb = -0.94 eV/atom, E vdW = 1.82 eV/atom and E HB = -0.16 eV/water respectively. To have non-polar multilayer ice, we conclude that for an odd number of ice layers each layer has the structure of confined monolayer ice. However a system with an even number of ice layers confined between graphene comprises of pairs of layers where each pair has a structure like bilayer ice (Fig. 5) .
Discussion and conclusions. In ordinary water the average distance between oxygen atoms is about 2.82Å 17 and for each water molecule two hydrogen bonds (Hbonds) are randomly oriented resulting in an irregular network. The H-bonds in liquid water have a life time of about 1-20 ps. Continuously bond formation and bond breaking takes place. The H-bonds are stronger in hexagonal bulk ice (ordinary ice) though the O-O distance is still 2.82Å but each water molecule takes part in four tetrahedrally-arranged H-bonds 17 , i.e. forming a regular network with more room between the molecules yielding a lower density. Moreover, the strength and orientation of the H-bonds change when a high pressure is applied. When water is confined between hydrophobic walls (here two graphene layers) in the presence of lateral pressure of about 1 GPa, monolayer ice is formed with the O-O distance of about 2.83Å
8 . Therefore the H-bonds spacial orientation, strength and their rearrangement is a key factor which determines the structure of water, its different phases of ice and confined monolayer, and few layer of bulk ice.
In typical ice structures, e.g. ice I h , the electrostatic attraction between H and O atoms dominates the vdW repulsion between the oxygens. However, in a dense monolayer (and few layer) ice, the electrostatic energy is not large enough to cancel the repulsive vdW energy, thus, an external pressure is used to keep the system stable. In fact, the high lateral pressure applied on confined water at room temperature results in monolayer ice. These conditions are equivalent to the water phase close to zero Kelvin (i.e. ice) at about 1 bar (or zero) which is what we studied. The multiple configurations of ice at high pressures that meet the rules of absolute zero amounts to randomness, or in other words, entropy which is called residence entropy. Therefore the ground state configuration of water either at zero temperature or high pressures strongly depends on the experimental procedure and details. This might be the reason for the observation of several different structures as reported by different groups for confined ice using various methods 5, 8, 19 . The large degree of freedom for the hydrogen bond strength and its orientation give the possibility to have several ice structures, either when the system is subjected to high pressure or is kept close to zero temperatures. This large degree of freedom is reduced when using the rigid model in MD simulations which may result in incorrect lattice structure.
For confined monolayer ice with a flat structure and zero net dipole moment the H-bonds should lie in the same plane. However, flat ice layers in non-polar bilayer of ice nulceates as a square lattice with an almost AA stacking. We predict that an odd (even) number of ice layers are stacks of monolayer (bilayer) ice. We found that the interaction between ice layers is weaker than that between ice and graphene which results in a shorter distance between ice and graphene. 
